Nanoviruses are multipartite single-stranded DNA (ssDNA) plant viruses that cause important diseases of leguminous crops and banana. Little has been known about the variability and molecular evolution of these viruses. Here we report on the variability of faba bean necrotic stunt virus (FBNSV), a nanovirus from Ethiopia. We found mutation frequencies of 7.52 ؋ 10 ؊4 substitutions per nucleotide in a field population of the virus and 5.07 ؋ 10 ؊4 substitutions per nucleotide in a laboratory-maintained population derived thereof. Based on virus propagation for a period of more than 2 years, we determined a nucleotide substitution rate of 1.78 ؋ 10 ؊3 substitutions per nucleotide per year. This high molecular evolution rate places FBNSV, as a representative of the family Nanoviridae, among the fastest-evolving ssDNA viruses infecting plants or vertebrates.
Viruses face continuous challenges by their hosts and in their vectors, which require them to cope with numerous different antiviral reactions activated upon infection. As a result, virus genomes vary in sequence to an extent that in some cases makes it difficult to define a single unique prototype, e.g., for bacteriophage Q␤ or human immunodeficiency virus (HIV) (13, 74) . Evidence has accumulated that rapid virus evolution due to genome sequence variation is general (18) and not restricted to RNA viruses and retroviruses, where this was amply documented (15, 43, 62, 74) . The main generators of sequence variation in these viruses are their RNA-dependent RNA polymerases or reverse transcriptases due to their elevated error rates and lack of proofreading activity (4, 6, 14, 15) . Viruses with a double-stranded DNA (dsDNA) genome are generally less variable in their sequences, since they encode less-error-prone polymerases or rely on proofreading hostencoded DNA polymerases and repair systems (18, 33, 48, 55) . Viruses with a single-stranded DNA (ssDNA) genome depend for replication exclusively on host DNA polymerases yet exhibit a degree of sequence variability similar to that of RNA viruses (26, 52, 65, 66) . ssDNA plant virus variability and rapid sequence evolution were documented for geminiviruses with monopartite and bipartite genomes (7, 16, 17, 34, 40, 42, 68, 71) . The polymerases that replicate ssDNA plant virus genomes are not known; hence, their respective contributions to the sequence diversity of this virus group remain elusive.
A group of ssDNA viruses in which the genomic sequence information is distributed over multiple genome components is the Nanoviridae, a family of aphid-transmitted plant viruses that individually encapsidate six or eight ssDNAs of about 1 kb, which do not replicate in the aphid vectors (73) . This family comprises two genera with three and four species, respectively. The genomes of banana bunchy top virus (BBTV) (8) and abacá bunchy top virus (ABTV) (67) in the genus Babuvirus and of faba bean necrotic yellows virus (FBNYV) (45) , faba bean necrotic stunt virus (FBNSV) (37) , milk vetch dwarf virus (MDV) (63) , and subterranean clover stunt virus (SCSV) (10) in the genus Nanovirus have been sequenced. Only five of the six to eight nanovirus-encoded proteins have been functionally characterized (38, 73) . Nanovirus molecular biology is still in its infancy, owing mainly to the fact that the viruses are not transmissible. Purified virions or virion-derived DNA becomes infectious with a low level of efficiency upon particle bombardment (27) . Infectivity of cloned DNAs of FBNYV was demonstrated in 2006, yet the virus produced upon infection was not transmissible by the natural aphid vectors (70) .
The recent establishment of cloned FBNSV DNAs that are fully infectious and also lead to the production of virions that can be readily and sustainably transmitted by the pea aphid (Acyrthosiphon pisum) and the cowpea aphid (Aphis craccivora), two natural insect vectors, represents a considerable accomplishment for nanovirus research (37) . It was based on the sequencing of more than 200 individual genomic DNA molecules and the choice of suitable molecules from the eight heterogeneous ssDNA swarms that constitute the FBNSV genome.
Here we present a detailed analysis of the sequence heterogeneity in two FBNSV populations that were sampled about 2.4 years apart. The first sample is a field isolate from Holetta, Ethiopia, collected in 1997. The second sample represents a virus population derived from the 1997 field population after more than 30 successive acquisition and inoculation cycles using large numbers (Ͼ100) of pea aphids (37) . In addition, we determined the sequence variation in a virus population result-mous substitutions per nonsynonymous site (d N ) were calculated according to single-likelihood ancestor counting (SLAC) analysis (47) , as implemented in Datamonkey (http://www.datamonkey.org/) (46) . Two-by-two chi-square ( 2 ) statistics (71) were applied to validate whether the observed substitutions differed from the expected frequency for a given substitution type calculated under the assumption that all substitution types were equally likely.
Nucleotide sequence accession numbers. The FBNSV sequences reported here were deposited in GenBank under the accession numbers AJ749894 to AJ749901 for FBNSV-[ET:Hol;JKI-1998/99] and GU983866 to GU983873 for FBNSV-[ET:Hol;1997]. All sequences used for analysis are provided in the supplemental material.
RESULTS
Intragenome relationship of FBNSV DNAs. Grigoras et al. molecularly characterized the eight FBNSV genome components (37) . Like those of all nanoviruses, the FBNSV DNAs have a 71-or 73-base common region (CR-I) flanking inverted repeat sequences, which potentially form a stem-loop and contain the viral (ϩ) strand origin of replication (Fig. 1) . CR-I is 100% identical between DNA-R, -S, -M, -N, -U2, and -U4 and between DNA-C and -U1, but there is only 83.6% identity between the two groups of CR-I sequences. A second region conserved in all eight genomic DNAs of FBNSV, referred to as the second common region (CR-II) (45) , is 20 nucleotides (nt) long and located 5Ј of CR-I. The sequence identity between components in this region varies from 75 to 100%. FBNSV DNAs form two groups irrespective of whether CR-I or CR-II is used for comparison: DNA-R, -S, -M, -N, -U2, and -U4 group together, whereas DNA-C and -U1 group separately. Figure 1 illustrates the relationship of the eight genomic FBNSV DNAs, arranged according their positions on a maximum-likelihood phylogenetic tree. If only the noncoding sequences are used, their relationship and the topology of the tree are the same. There are at least two instances where conserved sequences overlap with coding sequences: (i) CR-II within the 3Ј part of the m-rep gene and (ii) the region common between DNA-C and DNA-U1 (CR-C-U1) with the 3Јend of open reading frame (ORF) U1. However, in the case of DNA-U1 and DNA-C of the Moroccan isolate FBNSV-[MA;Mor5] (1) there is no overlap between CR-C-U1 and the respective protein-coding sequences. Also, the carboxy termini of the predicted U1 proteins of FBNSV-[MA;Mor5], FBNSV-[ET:Hol; 1997], FBNYV, and MDV, in which CR-C-U1 also does not overlap the 3Ј end of the ORF, vary considerably. Therefore, we consider conservation of the CR-C-U1 sequence as being dominant over its feature of also encoding part of a protein. Similar arguments may be raised for CR-II and the protein sequence of M-Rep. Stretches of sequence similarity occur in the entire noncoding regions, with sequence identities ranging from 44% to 95%. Several almost perfectly conserved regions (ϳ99% identity) are shared by all or by a subset of the eight DNAs and are highlighted in Fig. 1 Fig. 2A) . A total of 143 deviations from the respective consensus sequences and 77 distinct types of molecules were identified (see Table S2 in the supplemental material). The overall sequence heterogeneity of the 1997 FBNSV field sample was about 1.5-fold higher than that of the laboratory-maintained virus population, for which an overall (entire genome) mutation frequency of 5.07 ϫ 10 Ϫ4 changes per nucleotide sequenced was determined, (Table 1) . When considering each of the eight different genomic DNAs of the original field sample individually, up to a 4-fold variation in sequence diversity between them was apparent. DNA-N was the most polymorphic genome component, with 16.33 ϫ 10 Ϫ4 changes per nucleotide, and DNA-R the least variable one, with 3.99 ϫ 10 This reduction in variability is also clearly seen when following the maintenance over time of distinct sequence subgroups. By looking at sequence covariations, represented as clustered deviations from the respective consensus sequences in individual cloned molecules from the 1997 field sample, distinct subgroups of sequence variants within the DNAs-C, -N, and -U2 populations are evident (see Fig. S1 in the supplemental material). Despite using large numbers of aphids for vector transmission of the virus in the laboratory, only some of these subgroups were maintained through passaging in the laboratory, as well illustrated by the substantial drop in the genetic distance among DNA-C, -N, and -U2 population members ( Fig. 2C ; see Table S2 in the supplemental material).
Whereas the sequence heterogeneity of seven of the FBNSV genomic DNAs diminished upon repeated passaging in faba bean, that of DNA-U1 increased about 2-fold between 1997 and 2000 (Table 1 and Fig. 2, A) . When the genetic complexity of the virus population in the 1997 field sample was compared with that of the laboratory-maintained population, reflected by the Shannon entropy of the eight individual genomic DNAs, again DNA-U1 showed an about 2-fold increase ( Fig. 2B ; see Table S2 in the supplemental material). A similar increase in Shannon entropy was calculated for DNA-U4, despite a reduction in its mutation frequency ( Fig. 2A and B) . For the moment, it appears to be difficult to explain such an increase in entropy, in particular as the functions of both the U1 and U4 proteins are not known.
The FBNSV genome evolves rapidly. Figure 3 provides a comprehensive graphic summary of all sequence variations shown as color-coded deviations from the respective consensus sequences of the eight genomic FBNSV DNAs. The consensus of the 1997 field sample population serves as a reference. Mutations that were found completely fixed in the laboratorymaintained FBNSV-[ET:Hol;JKI-2000] population (constituting 100% of the consensus) are shown in bold italics; mutations found in the majority of cases (Ͼ50% and Ͻ100%) are shown in bold. This distinction is important, as the former changes do not contribute to the mutation frequency of the FBNSV-[ET: Hol;JKI-2000] sample whereas the latter do (Table 1) .
Based on a total of 34 mutations that became fixed after 2. Ϫ3 (see Table S3 in the supplemental material). When considering the eight genomic DNAs individually, about a 4.6-fold variation in substitution rates between them became apparent, revealing DNA-M as the fastest-changing genome component ( Fig. 2D ; see Table S3 in the supplemental material).
Consensus sequences of FBNSV were also determined in 1998 to 1999. As these sequences originated from several samples taken over a period of more than 6 months and were based on a lower coverage of the genome, we refrained from using them for rate calculations. Variability generated after a severe bottleneck. Having compared the variability of a field population of FBNSV with that of one derived thereof and maintained for 2.4 years in the laboratory, we were interested in the degree of sequence variation occurring after infection of faba bean by a single molecule of each of the eight virus DNAs. For this purpose we analyzed the virus population resulting from agroinoculation of faba bean with eight cloned FBNSV DNAs representing the FBNSV-[ET:Hol;JKI-2000] population consensus, followed by a single aphid transfer of the virus (37) . From this sample, FBNSV-[ET:Hol;ISV-T1], we cloned and sequenced 206 individual genomic DNA molecules representing a total of 203,392 nt. Mutation frequencies, genetic diversity, and genetic distance were determined as described above and are summarized in Table 1 , Fig. 2 , Table S2C in the supplemental material, and This indicated that within the limited number of replication cycles during about 6 weeks, already a considerable number of sequence variants were generated from single unique molecules.
As noted above for the virus population from the field and the population maintained for 2.4 years in the laboratory, variation was about the same for noncoding and coding sequences, i.e., 56% in the noncoding parts of the genome (Table 2) . Compared to the synonymous mutations, the number of nonsynonymous mutations was rather elevated (1 versus 14). However, none of the mutations had yet become fixed as consensus (see Fig. S1 in the supplemental material), suggesting either that the time for the mutations to become fixed was not long enough or that the FBNSV-[ET:Hol;JKI-2000] clones used for agroinoculation were sufficiently fit to be maintained for the multiplication period of about 6 weeks. 
FIG. 4. Mutations after one transmission of single-molecule-derived virus. Mutations detected in the FBNSV-[ET:
Hol;ISV-T1] virus sample taken 6 weeks after agroinoculation using eight individually cloned single genomic DNAs followed by one aphid transmission are shown. Variable sites are color coded as in Fig. 3 .
DNA-C to 8/0 in DNA-R (Table 3; see Table S4 in the supplemental material). The most frequent base substitution was T 3 C (23.8%), followed by G 3 A (11.5%), whereas the transversions C 3 A (2.5%), C 3 G (1.6%), and G 3 C (3.3%) were rare. Table 3 summarizes the type of mutations and their respective probabilities, assuming no transition/transversion bias imposed by DNA structure, the biochemistry of the way in which the mutations were generated, or whether they occurred in coding or noncoding sequences. The Ts/Tv for the noncoding sequences in the FBNSV-[ET:Hol;1997] field isolate was 3.00, compared to 1.31 in the respective coding sequences of the same isolate. The Ts/Tv was more uniform in the FBNSV-[ET:Hol;JKI-2000] laboratory-maintained population, with ratios of 1.47 for the noncoding sequences and 1.06 for the coding sequences.
Recombination between FBNSV genome components. Recombination has been shown to be frequent in a diverse range of ssDNA viruses (49) Table S5 in the supplemental material.
Finally, there were several cases in which particular base changes might have been created by replication and/or repair errors or introduced by intracomponent recombination (e.g., see A916G in DNA-U1 in Fig. S1 and Table S5 in the supplemental material).
A detailed compilation of all mutations is provided in Table  S5 in the supplemental material. 
DISCUSSION
We analyzed the variability of the nanovirus FBNSV as a natural field isolate and as an isolate derived thereof that had been maintained in the laboratory over a period of about 2.4 years. Moreover, we also determined the mutation frequency apparent after infection by eight distinct individually cloned single genomic DNAs, representing a severe bottleneck, followed by only one aphid transfer. The observed variability ranged from 7.52 ϫ 10 Ϫ4 mutations per nucleotide sequenced for the FBNSV-[ET:Hol;1997] field population to 5.07 ϫ 10
Ϫ4
substitutions per nucleotide for the laboratory-maintained FBNSV-[ET:Hol;JKI-2000] population. These data allowed determination of an evolution rate of 1.78 ϫ 10 Ϫ3 substitutions/site/year for FBNSV, suggesting that the molecular evolution rate of this virus is at the upper end of the rates determined for a variety of RNA and DNA viruses (18, 43) .
Numerous studies of the variability and molecular evolution of RNA plant viruses are available (for reviews, see references 25, 29, 32, and 60). In contrast, nucleotide substitution rates for ssDNA plant viruses have only recently been determined, either by evaluating geminivirus sequences available in databases (16, 17) or by directly sequencing parts of or the entire genomes of individual members of virus populations (34, 40, 71) . These studies indicated an evolution rate of 2.9 ϫ 10 Ϫ4 nucleotide substitutions/site/year for the tomato yellow leaf curl viruses (TYLCVs) over a period of almost 20 years (16), while those for DNA-A and DNA-B of East African cassava mosaic viruses (EACMVs) over about 5 years were 1.6 ϫ 10 Ϫ3 and 1.3 ϫ 10 Ϫ4 substitutions/site/year, respectively (17) . Analysis of a "short-term" evolution over a 60-day multiplication period of tomato yellow leaf curl China virus in muntju (Nicotiana benthamiana) revealed about 3.5 ϫ 10 Ϫ4 substitutions/site, resulting in an extrapolated evolution rate of about 2.1 ϫ 10
Ϫ3
substitutions/site/year (34) . Maize streak virus (MSV) evolution over an experimental period of 5 or 6 years was similar, with a rate of 7.4 to 7.9 ϫ 10 Ϫ4 substitutions/site/year (71) or 2.0 ϫ 10 Ϫ4 substitutions/site/year (40) , in line with earlier findings that determined about 2.6 ϫ 10 Ϫ4 substitutions/site/year for an MSV isolate maintained for about 4 years in the perennial host Coix lacryma-jobi (42) . A 32-year heterochronous sampling experiment employing sugarcane streak Réunion virus (SSRV) revealed a comparable mutation rate of about 3.5 ϫ 10 Ϫ4 substitutions/site/year (40) . Moreover, those authors clearly demonstrated that there is no codivergence of mastreviruses with their hosts, contrary to an earlier claim by Wu and coworkers (76) . Another striking example of a very high rate of 1.2 ϫ 10 Ϫ3 substitutions/site/year and a noncodivergence between a circovirus and a vertebrate host is provided by the recent assessment of the evolutionary history of porcine circovirus 2 (26) .
Concerning Nanoviridae, only one phylogenetic study of the local evolution of BBTV in Hawaii determined a mutation of 1.4 ϫ 10 Ϫ4 substitutions/site/year (2) . From work under experimental conditions over a period of 1 year, the authors inferred an evolution rate of 3.9 ϫ 10 Ϫ4 substitutions/site/year. It should be noted, however, that this rate was based on a single base change.
The observed elevated mutation rate of FBNSV is further supported by the frequency of 1.66 ϫ 10 When considering the eight FBNSV genome DNAs individually, clear differences in variability were evident, with DNA-R and DNA-S being the least variable and DNA-N the most variable genome components ( Fig. 2 and Tables 1 and 2; see  Table S3 in the supplemental material). Comparable profound differences in variability were found between DNA-A and DNA-B of the EACMVs (17) and between the two genomic RNAs of the crinivirus tomato chlorosis virus (53) .
In contrast to the variability in the geminiviruses, where an elevated mutation frequency was observed in noncoding sequences (16, 34), we did not find such differences when comparing the overall mutation frequency as well as the types of mutation between noncoding and coding regions of the FBNSV DNAs (Table 2; see Table S3 in the supplemental material). This might suggest that the eight DNA molecules constituting the FBNSV genome are subject to variation and selection as individual entities, with no particularly relaxed sequence constraints for their noncoding regions. Possibly each ssDNA circle requires adoption of a particular secondary structure comprising coding and noncoding sequences alike. For at least one genome component, DNA-R, extended secondary structures are likely to be of importance (36) .
Regarding the types of mutations, the transitions G 3 A and C 3 T were significantly more frequent in the FBNSV-[ET: Hol;1997] field population than in the laboratory-maintained FBNSV-[ET:Hol;JKI-2000] population (Table 3) , probably reflecting the underlying influence on the mutation spectra of guanine and cytosine deamination of the ssDNA (9, 28). Duffy and Holmes (16, 17) detected a similar overrepresentation of the same transitions in their analyses of TYLCV and EACMV sequences from databases. The disappearance of the G 3 A and C 3 T transition bias in the laboratory-maintained FBNSV-[ET:Hol;JKI-2000] population may be due to the prolonged passage in a single host species. Faba bean is a cool season crop in Ethiopia or countries of North Africa, where it is grown for only a limited time period each year. FBNSV probably survives the hot and dry season in perennial leguminous (or nonleguminous) plants that act as reservoir hosts of FBNSV but have not been identified yet. Therefore, the shift in mutation spectra in FBNSV after the 2.4-year experimental passage in faba bean may reflect a host effect. A comparable effect of a host different from the "natural" one occurred upon prolonged multiplication of MSV in sugarcane as opposed to maize, where an elevated G 3 T transversion frequency was observed (71) . Conceivably, the efficiency of protection against DNA damage by nucleotide excision repair systems (44) and/or translesion synthesis by specialized repair polymerases (55, 75) may have differed between the natural and laboratory host species employed. However, nothing is known about the nature of host polymerases replicating ssDNA plant viruses and the associated DNA damage repair processes. Another clear host effect is the enhancement of the overall mutation frequency that was observed, for instance, when using pepper (Capsicum annuum) as opposed to tomato (Solanum lycopersicum) or muntju (N. benthamiana) for propagation of the two alpha-like plant viruses tobacco mosaic virus and cucumber mosaic virus (64) or in turnip mosaic virus populations adapted from the susceptible host turnip (Brassica rapa) to radish (Raphanus sativus) as a new and almost insusceptible host (56) .
In contrast to what has been described for MSV and the begomoviruses, we observed a mutation bias toward T 3 C transitions in both field and laboratory-maintained FBNSV populations (Table 3 ). This overrepresentation of T 3 C transitions is due to significantly more T 3 C transitions in DNA-S, DNA-N, and DNA-U1 (see Table S3 in the supplemental material), for which we have no obvious explanation yet.
In addition to elevated rates of nucleotide changes, recombination has been identified as another major driving force for the evolution of ssDNA viruses (31, 49, 50, 57, 59 , 72), including the nanovirus BBTV (30) . In the three FBNSV populations analyzed here, we detected 12 clear intragenomic recombination events between different individual DNA components, two of which became established as consensus (Fig. 3) . One affects the CR-II of DNA-N, where a stretch of at least 16 nt was replaced by a corresponding sequence from DNA-M or DNA-U2 (see Fig. S2 in the supplemental material) . In addition, in DNA-U4 the exchanged 61-nt sequence is inverted. A similar recombinant sequence of 34 nt can also be detected at equivalent positions in DNA-M, DNA-U2, and DNA-U4 of a recently described FBNSV isolate from Morocco (1). In this FBNSV isolate also, the recombinant 34-nt sequence is inverted in DNA-U4, suggesting that this sequence synteny is ancient in FBNSV evolution.
A potential genetic exchange between nanovirus genome components was proposed for common noncoding sequences of SCSV, implying a concerted evolution due to sequence conversion (41) . The same type of conversion leads to the grouping of the FBNSV DNAs as shown in Fig. 1 . With the increasing number of nanovirus sequences expected to become available in future, a search for interspecies recombinants will be possible and may yield further insights into the evolution of these viruses.
The fact that the FBNSV genetic information is distributed over eight individual DNA molecules of ϳ1 kb each, in conjunction with the elevated mutation frequency, allows the virus to take additional advantage of the combinatorial power of reassortment. Nanovirus genomes can be considered swarms of six to eight distinct molecular quasispecies that combine several modes (mutation, recombination, and reassortment) for very efficiently exploiting the sequence space for their evolution (5) . Models developed to describe the behavior and evolution of heterogeneous populations of macromolecules (19, 21) were found to be applicable to the variability and evolution of viral genome sequences (3, 20) , and their predictions were experimentally tested and confirmed (see reference 12 and references therein). Given the average mutation frequency of 0.75 sequence changes per 1 kb of DNA, or per genome component, the spread of genetic information over eight individual molecules rather than a single one allows for easy complementation and maintenance of suboptimal sequence variants within the heterogeneous genomic DNA swarms, facilitating avoidance of extinction by an error catastrophe (22, 23, 54) .
With further application of the RCA technique, including environmental samples, more and more ssDNA viruses are being discovered (51, 61) , and "time-the emerging dimension of (plant) virus studies" (35) will definitely provide us with further insights into the biology and evolution of the littleknown nanoviruses also.
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